Gene function studies require loss-of-function phenotypes, which can be achieved either by the generation of gene knockout (KO) animal models or by RNA interference (RNAi) methods. Compared with KO approaches, RNAi is more time-and cost-effective. Furthermore, KO technology was mostly applied on mice so far, with only a few studies on other animal models such as rats and pigs, which also limits its application [1, 2] . Comparatively, RNAi can work on a much wider spectrum, from Caenorhabditis elegans to mammals [3] [4] [5] . Lentiviral vectors are useful tools for RNAi because of their ability to transduce non-dividing cells and achieve stable and long-term transgene expression. Moreover, they do not induce a cellular immune response. Lentiviral vectors producing shRNAs have been shown to knockdown gene expression both in vitro and in vivo [6] [7] [8] [9] . The lentiviral particles can be delivered by local injections to take effect in a specific region or tissue, such as brain and epididymis [5, [10] [11] [12] . Also, lentivirus can be systemically delivered. High-titer lentivirus is essential for significant knockdown of the target gene [5, 13] , and therefore the production process is crucial.
Here, we optimized the HEK293T cell transfection and provided a convenient and high-productive protocol for lentivirus production. The process yielded a total amount of more than 4 Â 10 8 TU of lentivirus particles per 10 cm dish in 4 days. The lentiviral vectors successfully served in vitro and in vivo RNAi experiments in our lab [5, 11, 12] .
The main materials used in this study were as follows: human embryonic kidney 293T (HEK293T) cells cultured and maintained in high glucose Dulbecco's modified Eagle's medium (Gibco, Gaithersburg, USA) supplemented with 10% fetal bovine serum at 378C in a fully humidified atmosphere of 5% CO 2 , X-tremeGENE HP transfection reagent (Roche, Basel, Switzerland), L-100K ultracentrifuge (Beckman, Pasadena, USA), a three-plasmid expression system including pRNAi/Lenti vector (HaiGene, Harbin, China), encapsidation plasmid (p. 8.9), and vesicular stomatitis virus expression plasmid (VSV-G) (maps of the three plasmids were shown in Supplementary Fig. 1 ). Plasmids were amplified in Escherichia coli (TOP10) grown overnight in Luria Bertani medium supplemented with 80 mg/ml ampicillin and purified using NucleoBond Xtra Midi Plus (MACHEREY-NAGEL, Oensingen, Germany). Concentration of the plasmid preps was precisely determined using Nanodrop-1000 (Thermo Scientific, Hudson, USA).
Cell density and growing condition at the time of transfection have a great influence on the transfection efficiency and lentivirus production. About 70% -90% confluent of cells is recommended for optimal lentivirus production [5, 14] , as well as the X-tremeGENE HP-mediated transfection. Insufficient number of cells will lead to low virus output, while excessive cell density will probably handicap the cell growing condition. In our experience, 1 Â 10 7 HEK293T cells seeded in a 10-cm dish will reach a monolayer of cells with 70%-90% confluence and good growing condition after 24 h of incubation. Cells were digested with 0.25% trypsin þ 0.02% EDTA (Gibco) and cell counts were measured using a hemacytometer.
To optimize the HEK293T cell transfection, we titrate three factors that will potentially affect transfection efficiency and lentivirus output: (1) the ratio of transfection reagent (ml) to plasmid DNA (mg); (2) the ratio of three plasmids; and (3) total amount of plasmid DNA (mg) per 10 cm well.
To titrate the HEK293T cell transfection with X-tremeGENE HP, a monolayer of HEK293T cells with the confluence of 70%-90% was transfected using 1 : 1 to 6 : 1 of X_tremeGENE HP (ml) to pEGFP-C1 (mg). The ratio of cells expressing GFP was measured by FACS Calibur 3C cytometer (BD, Franklin Lakes, USA). The greatest transfection efficiency was achieved (.95%) when the ratio of transfection reagent to plasmid DNA was 3 : 1 [ Fig. 1(A) ]. So we applied this ratio in the following experiments.
In the three-plasmid lentivirus production system, the ratio of three plasmids is crucial to the yield of lentivirus. Existing protocols provided diverse combinations [5, 10, 15, 16] . To titrate and optimize this factor, we examined the lentivirus output with different combinations of 3 plasmids [ Fig. 1(B) ]. The most productive combination of 3 plasmids were pRNAi/Lenti: VSVg:p8.9 ¼ 5 : 2 : 3 and 5 : 2.5 : 2.5, suggesting that the pRNAi/Lenti plasmid should account for the largest proportion, but not too dominant (seen 8 : 1 : 1 group), in the three-plasmid system.
To titrate how much total plasmid is enough for a 10-cm dish, we compared lentivirus yield using 10 mg (standard amount for transfecting cells in a 10-cm dish with X-tremeGENE XP) with 20 mg of total plasmids. The 20 mg plasmid group yielded more lentiviral particles than 10 mg plasmid group [(5.88 + 1.41) Â 10 8 TU vs. (4.76 + 1.23) Â 10
8 TU], but not proportionally. Considering the cost, we transfected the 10-cm dish with 10 mg total plasmid for lentivirus production.
During the lentivirus production, almost 100% of the HEK293T cells expressed green fluorescence, which was encoded in the pRNAi/Lenti plasmid, indicating very efficient transfection and viral protein translation [ Fig. 1(C) ].
After lentivirus was produced and resuspended in the 200 ml physiological saline, 0.1 and 1 ml lentivirus suspension were added into 1 Â 10 6 HEK293T cells to determine the virus titer. After 48 h of incubation, the fluorescent cells were calculated by FACS [ Fig. 1(E) ] and observed under fluorescent microscopy [ Fig. 1(D) ]. The virus titer was calculated as follows: virus titer (TU/ml) ¼ (average fluorescence per well Â cell number)/volume of virus added. According to repeated trials, the yield of lentivirus particles per 10 cm dish was (4.53 + 1.97) Â 10 8 TU and the titer of 200 ml virus suspension was (2.26 + 0.98) Â 10 9 TU/ml, and the fluctuation of yield is mainly caused by different cell conditions.
In summary, we have optimized the X-tremeGENE HP mediated HEK293T cell transfection process. With optimized cell transfection, we provided a convenient and highly productive protocol for lentivirus production. The workflow was shown in Fig. 2 . Briefly, 24 h before transfection, 1 Â 10 7 HEK293T cells were seeded in the 10 cm dish with 10 ml medium. On the following day, we replaced 15 ml fresh medium and then added the transfection complex. Forty-two hours (including 6 h of transfection and 36 h of incubation) later, we harvested the culture medium and added 15-ml fresh medium into the dish. After another 36 h of incubation, we harvested the culture medium again. All the harvested medium was filtered through 0.45 mm pore size membrane (Millipore, Billerica, USA) and ultracentrifuged at 130,000 g, 48C for 2 h (L-100K ultracentrifuge; Beckman). The supernatant was discarded and the lentiviral particles were resuspended by adding 200 ml physiological saline into the centrifuge tube. Compared with the existing protocols, our protocol simplifies the experimental procedure and shortens the time. This is so far the most labor-saving protocol and the lentivirus yielded per 10-cm dish was comparable, or even higher than several reported protocols [5, 14, 17] . The lentivirus was used to knockdown Spink13 expression in the rat epididymis by local injection, achieving significant and long acting RNAi effect [12] . Besides, intravenous delivery of the lentivirus through mouse caudal vein also effectively achieved a systemic effect (data not shown). Although our protocol is based on the second-generation lentivirus production system, we believe that the optimized HEK293T cell transfection process with X-tremeGENE HP can be adapted for other systems, including the production of thirdgeneration lentivirus. Therefore, this simple lentivirus production protocol could be extensively applied in RNAi approaches and gene function studies.
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